Introduction
In the past decade, amino acid sequences have been determined for many of the physiologically important mammalian ion channels. A common structural motif suggested by sequence analysis is that these proteins span cell membranes with hydrophobic helices and that bundles of helices form ion-conducting pores (Catterall, 1991) . These proteins are generally composed of repeating subunits either as oligomers (e.g. the K + channels) or as homologous domains in a single protein that presumably arose from gene duplication (e.g. Ca 2+ and Na + channels (Catterall, 1991) ). A low resolution structure of the acetylcholine receptor has suggested a bundle of five helices in the core of the receptor complex that define a central ion channel (Unwin, 1993) . The size and complexity of most ion channels, however, has prevented high resolution structural studies capable of addressing how these proteins are regulated in terms of their gating and ion specificity.
Phospholamban is a small (52 residues) type II membrane protein found in cardiac sarcoplasmic reticulum (SR). It shares many of the characteristics of the larger mammalian ion channels Tada, 1992) . Most notably, it forms a defined oligomeric structure as observed by SDS-PAGE (Gasser et al., 1986; Wegener & Jones, 1984) and exhibits ion selective (Ca 2+ ) single channel conductances (Kovacs et al., 1988; Arkin et al., 1993) . The protein plays a role in the regulation of Ca 2+ levels across the SR membrane and thus in the contraction/ relaxation cycle of cardiac muscle. It is not clear whether the regulation of Ca 2+ levels by phospholamban involves both passive ion conductance and the regulation of the resident Ca 2+ pump (James et al., 1989) . Phospholamban inhibits the steady state activity of the Ca 2+ pump at submicromolar Ca 2+ concentrations, while phosphorylation by protein kinases, as a response to b-adrenergic stimulation, relieves this inhibition . The small size of the phospholamban channel protein makes it a tractable system for detailed structural studies.
The human phospholamban sequence is comprised of an N-terminal stretch of 030 hydrophilic residues and a C-terminal stretch of 22 hydrophobic residues corresponding to the transmembrane domain of the protein:
The soluble N-terminal segment extends into the cytosol and contains the sites of phosphorylation at Ser16 and Thr17 (Wegener et al., 1989) . This segment carries a net +4 charge that may be important in electrostatic interactions at the membrane surface. The C-terminal segment of phospholamban spans membrane bilayers, and interactions between transmembrane (TM) helices stabilize a pentameric complex (Gasser et al., 1986; Wegener & Jones, 1984) . Recently, mutagenesis (Arkin et al., 1994) and molecular modeling (Adams et al., 1995) studies performed on the transmembrane domain of phospholamban have suggested which residues lie in the helix interface and/or line the ion pore.
Previous circular dichroism (CD) measurements of detergent-solubilized phospholamban argued that the protein was predominantly helical, but with substantial b-sheet structure . In related work (C.F.C.L., I.T.A., X. Liu, S.O.S., D.M.E., S.A. & K.J.R., unpublished results), we showed by Fourier transform infrared (FTIR) studies that the C-terminal segment of phospholamban (PLBTM) is predominantly helical and is protected from 1 H/ 2 H exchange due to partitioning in the bilayer. However, the structure of the full-length protein in membranes, its native environment, remains an open question. Here, we determine the secondary structure and orientation of phospholamban in phospholipid bilayers. Comparisons between spectroscopic measurements of the full-length wild-type protein (PLBWT) and phosphorylated full-length protein (PLBWT-P) with those of a peptide corresponding to residues 25 to 52, which includes the transmembrane domain (PLBTM), allow us to generate a low resolution structural model of the pentameric channel complex.
Results and Discussion

Secondary structure of PLBWT and PLBTM from CD
The shape and intensity of the CD spectrum between 180 and 240 nm is extremely sensitive to protein secondary structure. For soluble proteins, CD spectra are typically analyzed by deconvolution using a basis set of spectra corresponding to a-helix, b-sheet, b-turn and random coil. The basis CD spectrum for an a-helix exhibits characteristic minima at 208 and 222 nm with magnitudes of −36,000(23000) deg.cm 2 dmol −1 and a maximum at 190 to 195 nm with a magnitude of 70,000(210,000) deg.cm 2 dmol −1 (Tinoco et al., 1963; Chen et al., 1974) . Analysis of the CD spectra of membrane proteins is also often done by deconvolution, although it is complicated by differential light scattering and absorption flattening (Duysens, 1956; Long & Urry, 1981; Mao & Wallace, 1984; Park et al., 1992) . The shape of the CD bands, however, provides a qualitative indication of the secondary structure. The CD spectrum of PLBWT reconstituted into 1,2-dimyristoyl phosphatidylcholine (DMPC) vesicles is shown in Figure 1(a) . The spectrum exhibits minima at 0210 nm and 225 nm, and a maximum at 194 nm characteristic of a-helical proteins.
In order to estimate the thermal stability of the protein, a thermal ellipticity profile was obtained by monitoring the CD intensity at 222 nm (Figure 1 (b) ). The magnitude of ellipticity does not decrease with temperature. This clearly indicates that the a-helical content of the protein is not reduced with increased temperature (thermal melting).
Secondary structure of PLBWT and PLBTM from FTIR
As a more definitive measure of secondary structure, we have analyzed transmission FTIR spectra of PLBWT and PLBTM (Figure 2 ) using Fourier self deconvolution. The frequency of the amide I vibration, due primarily to the C1O stretch, is sensitive to protein secondary structure (Braiman & Rothschild, 1988) . Bands centered at 01654 cm correspond to the out-of-phase and in-phase modes of b-sheet structures, respectively (Byler & Susi, 1986) , or alternatively to b-turns (Bandekar & Krimm, 1979) . The amide I bands for both PLBWT and PLBTM are centered at 1656 cm −1 and have highly symmetrical Lorentzian shapes suggesting a high helical content. Furthermore, the relatively narrow band width and absence of hydrogen/deuterium exchange (Susi et al., 1967) rules out the possibility of a random coil structure.
Integration of Fourier self-deconvoluted spectra (Kauppinen et al., 1981) can yield quantitative estimates of the relative ratios between the different secondary structural elements of the protein (Byler & Susi, 1986) . Areas of the integrated Fourier selfdeconvoluted bands as well as the ratio of the strong 1656 cm −1 band to the total intensity in the amide I region from 1600 to 1700 cm −1 are listed in Table 1 . This analysis does not take into account contributions from side-chain modes (the amido, amino and −1 and 1656 cm −1 bands were determined from the Fourier self-deconvoluted (FSD: see Materials and Methods) FTIR spectra of PLBTM and PLBWT and scaled relative to the intensity of the entire amide I band from 1600 to 1700 cm −1 , which was normalized to a value of 1.0. b The number of helical residues represented by the 1616 cm −1 band is calculated by dividing the integrated intensity of the 1616 cm −1 band determined from FSD spectra by the integrated intensity of the entire amide I region from 1600 to 1700 cm −1 and normalizing to the total number of residues in PLBWT (52) or PLBTM (28). The ratios do not account for possible intensity contributions from underlying side-chain vibrations.
c The number of helical residues represented by the 1656 cm −1 band is calculated by taking the ratio of amide I intensity at 1656 cm −1 to the entire amide I intensity and normalizing to the total number of residues in PLBWT (52) or PLBTM (28). For this calculation, we accounted for the differences in extinction coefficients of the different secondary structure elements and the intensities of the various side-chain vibrations (calculated on the basis of the peptide sequence) in the 1600 to 1700 cm −1 region of the IR spectrum (Venyaminov & Kalnin 1990c) ; see the text for details.
guanidino side-chains of Gln, Asn, Arg and Lys) that overlap the amide I region. As a result, the helical percentages (0.67 and 0.65 for PLBTM and PLBWT, respectively) determined from the ratio of the peak areas are underestimated. Furthermore, the extinction coefficients for the amide I modes that originate from different secondary structures are not necessarily equal. A recent analytical approach developed by Venyaminov & Kalnin (1990a,b,c) accounts for both of these factors, resulting in estimates of a-helical content of 79% for PLBTM (22(22) out of 28 residues) and 77% for PLBWT (40(23) out of 52 residues). Error estimates are derived from the upper and lower limits of the extinction coefficients of side-chain and amide I modes.
The observed amide I bands provide information on the global protein secondary structure. We have recently shown that local secondary structure in a membrane protein can be determined by isotope-induced shifts of the amide I bands (C.F.C.L., I.T.A., X. Liu, S.O.S., D.M.E., S.A. & K.J.R., unpublished results). Incorporation of 13 C into the backbone carbonyl group causes a shift of 040 cm −1 in the amide I vibration due to the increased mass (Tadesse et al., 1991) . Utilizing this approach, PLBWT was specifically 13 C labeled at the backbone carbonyl group of Ile12. We observe an increase of intensity at 1616 cm −1 that is attributed to a −40 cm −1 shift of a component of the strong 1656 cm −1 amide I band. The ratio of the 1616 cm −1 intensity to that of the total amide I intensity corresponds roughly to 1 amino acid residue out of 52 (Table 1) , as expected. For comparison, the intensity of the 1616 cm −1 band in unlabeled PLBTM is only 01% of the 1656 cm
band, which may be due to the 1.1% natural abundance of 13 C. These results establish that Ile12 is in a helical geometry. Furthermore, after establishing that residue Ile12 is in a helical part of the protein, residue i + 4 (Ser16) must also be in a helical geometry (as are the intervening residues Arg13 to Ala15) since it contributes the proton in the hydrogen bonding scheme of an a-helix.
Orientation of PLBWT and PLBTM
The CD and FTIR results establish that the cytosolic N-terminal and hydrophobic C-terminal segments of the protein are largely helical. The length of the membrane segment (022 amino acid residues) suggests that the C-terminal helix spans the bilayer in an orientation perpendicular to the membrane plane. The intriguing question at this stage regards the orientation of the cytosolic helix.
Polarized attenuated total reflection (ATR)-FTIR can be used to determine the relative orientation of a-helices in oriented membranes by measuring the dichroism of the Fourier self-deconvoluted a-helical amide I vibrational mode. Figure 3 presents ATR-FTIR spectra of both PLBWT and PLBTM obtained with parallel and perpendicular polarized light along with their corresponding Fourier self-deconvolutions. Table 2 lists the measured dichroic ratios, derived order parameters and corresponding tilt angles (see below) for PLBWT and PLBTM. In these measurements, the lipid vibrations serve as internal standards for estimating the overall orientation of the membranes. The average order parameter (S lipid CH2 = 0.72) obtained for the lipid
methylene symmetric (2852 cm −1 ) and asymmetric (2924 cm −1 ) stretching modes indicates that the membranes are reasonably well-oriented (Smith et al., 1994) . We can define an order parameter for overall membrane orientation (S membrane = 0.76) based on the lipid order parameter by accounting for a 10°t ilt of the lipid acyl chains in gel phase membranes (Hauser et al., 1981) . Limits on the maximum helix tilt angle relative to the membrane normal can be determined from the maximum dichroic ratios and corresponding helix order parameters for PLBWT (R ATR = 3.31, S helix = 0.54) and PLBTM (R ATR = 3.43, S helix = 0.58). The maximum observed dichroic ratios correspond to those observed for the most well-ordered proteins and translate into tilt angles for PLBTM and PLBWT of 32°a nd 34°, respectively. These values are obtained by assuming that the membranes are perfectly oriented (S membrane = 1.0) parallel to the surface of the internal reflection element and that the ''low'' helix order parameters result entirely from a tilt away from the bilayer normal. In a similar fashion, limits on the minimum helix tilt angles can be determined by considering the membrane orientation and assuming that the ''low'' helix order parameters result from a combination of helix tilt and membrane disorder. In this case, the helix order parameters are increased by a factor (1/S membrane = 1.32), which accounts for disorder in membrane orientation. The minimum tilt angles for PLBTM and PLBWT derived in this manner are 23°and 26°, respectively. Taken together, the minimum and maximum limits define the range of possible helix tilt angles for PLBTM (u = 27.5 (24.5)°) and PLBWT (u = 30 (24)°). These values are in approximate agreement with the tilt angle (u = 23°) that can be calculated from the model we have derived from mutagenesis and molecular modeling studies of the transmembrane domain of phospholamban (Adams et al., 1995) . This analysis does not take into account the range of values reported for the amide I transition moment orientation. Helix tilt angles closer to u = 23°would be obtained if the value used for the transition moment angle, a, were chosen to be closer to the 39-40°angle reported by Bradbury et al. (1962) and Tsuboi (1962) (see Materials and Methods).
Effect of phosphorylation on phospholamban structure and orientation
Phosphorylation of Ser16 and Thr17 is the mechanism for regulation of phospholamban function. ATR-FTIR spectra obtained from phosphorylated PLBWT are shown in Figure 4 (a) and (b), and are similar to those obtained from PLBWT (in both secondary structure and dichroism, i.e. orientation). Order parameters calculated from these measurements (R ATR max = 3.1, S helix = 0.46) correspond to a helical tilt angle of 32.5 (24.5)°, indicating that no significant change in conformation takes place as a result of phosphorylation. Furthermore, the local secondary structure at the phosphorylation site a R ATR is the average observed dichroic ratio from >6 independent measurements. R ATR max is the maximum dichroic ratio determined in the case of the protein amide I vibration, and the minimum dichroic ratio determined in the case of the lipid vibrations.
b S is the order parameter calculated from the average dichroic ratio R ATR . Smax is the order parameter calculated from the maximum dichroic ratio determined in the case of the protein amide I vibration, and the minimum dichroic ratio determined in the case of the lipid vibrations.
c See the text for details on the tilt angle calculations. 
Structural model of phospholamban
Transmission FTIR and CD spectroscopic measurements of PLBTM and PLBWT clearly establish that both the cytosolic and transmembrane regions of the protein have predominantly a-helical Figure 5 . Model of the phospholamban ion channel complex. The CD and FTIR data indicate that the protein is highly helical and that the helix is oriented perpendicular to the membrane plane with a tilt angle of 28(26)°. The complex is modeled based on the structure of the transmembrane domain previously proposed using computational methods (Adams et al., 1995) and extending the transmembrane helices to Ile12. The helices pack tightly together in a highly specific manner as determined by site-directed mutagenesis (Arkin et al., 1994) and are thought to associate in a left-handed coiled-coil arrangement (Adams et al., 1995) . secondary structure. Furthermore, both the transmembrane and cytosolic a-helical elements share the same perpendicular orientation with respect to the membrane plane. Starting from the carboxy terminus, the roughly 22 residues determined by FTIR to be helical in PLBTM most likely span the bilayer as a transmembrane a-helix. The question now remains as to whether the cytosolic helical element (approx. 15 residues) is continuous with the transmembrane a-helix or, as suggested by Jones and co-workers , is separated by an unstructured stretch of amino acid residues. Several lines of evidence support the model of a continuous helix. First, the cytosolic segment, when separated from the transmembrane domain, is no longer a-helical in solution (Terzi et al., 1992) , while the transmembrane domain (PLBTM) when synthesized on its own is largely helical. This implies that there may be helical nucleation by the transmembrane domain. Second, a rigid connecting region would be required for a discontinuous cytosolic helix to be highly oriented in a nearly identical fashion to the transmembrane helix. Finally, the CD thermal profile indicates that the entire helical content of the protein is extremely stable. This is typical of transmembrane a-helices but would not be expected for a disjointed soluble helix. The model predicts a channel structure whose pore extends above the membrane surface. Interestingly, the conductance of the transmembrane peptide (100 to 150 pS) is considerably higher than that of the fulllength protein (10 to 20 pS: Kovacs et al., 1988; Arkin et al., 1993) suggesting that there is a restriction in the pore of the full-length protein that is absent in PLBTM. The fact that PLBTM, a peptide that completely lies within the proposed a-helical segment of PLBWT, is only 77% helical (as determined by FTIR) may imply that breaking the a-helix further unfolds it.
The model proposed for the complex ( Figure 5 ) is a symmetrical bundle of five long helices (40 amino acid residues in length) stretching from the carboxy terminus of phospholamban. The helices pack tightly together in a highly specific manner as determined by mutagenesis (Arkin et al., 1994) and are thought to associate in a left-handed coiled-coil arrangement (Adams et al., 1995) . A bend of 25° (Yun et al., 1991) has been introduced at the position of Pro21 (Barlow & Thornton, 1988) . The helical bundle spans the bilayer and extends into the cytosol forming a long ion pore. The a-helical bundle extends toward the recognition and phosphorylation sequence of PLBWT, 17 to 29 Å into the cytoplasm (approx. 11 to 19 residues). A helical wheel projection at a pitch corresponding to the interacting surfaces of a left-handed coiled-coil (3.5 amino acid residues/ turn) of the residues presumed to be a-helical is shown in Figure 6 . The interacting surfaces of the helices as well as the helix face lining the ion pore derived from site-directed mutagenesis (Arkin et al., 1994) and computational studies (Adams et al., 1995) are depicted. This model, as expected, positions both Ser16 and Thr17 on the surface of the complex. The remainder of the N-terminal amino acid residues of phospholamban may be non-helical.
Proposed mechanism for regulation of the Ca
2+
ATPase by phospholamban
The prevailing hypothesis describing the mechanism of phospholamban's inhibitory effect on the Ca 2+ ATPase is based upon an inhibitory complex between these two proteins that dissociates upon phospholamban phosphorylation (James et al., 1989) . It is thought that the affinity of phospholamban for the Ca 2+ ATPase is a function of the cytosolic segment of phospholamban since mutagenesis of amino acids Glu2 to Ile18, all residing in the cytosolic segment of phospholamban, reduced the inhibitory effect of phospholamban on the Ca 2+ ATPase (Toyofuku et al., 1994) . However, peptides corresponding to the cytosolic segment of phospholamban had no effect on the activity of Ca 2+ ATPase (Jones & Field, 1993 ).
An additional property of phospholamban, Ca 2+ selective conductance, suggested that phospholamban may inhibit the pump by acting as a pathway to equilibrate Ca 2+ across both sides of the SR membrane, thereby negating the Ca 2+ ATPase function (Kovacs et al., 1988) . Such a suggestion would also imply that phosphorylation of phospholamban would abolish ion flow, although the effect of phosphorylation on phospholamban conductance has not been reported.
Based on time-resolved phosphorescence anisotropy, Thomas and co-workers (Voss et al., 1994) have recently found that phosphorylation of phospholamban increases the rotational mobility of Ca 2+ ATPase in SR membranes. They observed the largest changes associated with Ca 2+ ATPase molecules immobilized in large aggregates. On the basis of this data, they suggest that large scale aggregation of the phospholamban pentamer with ten or more Ca 2+ ATPase molecules may be required for inhibition.
We suggest a mechanism in Figure 7 that incorporates all of the ideas above and is consistent with the observation that phosphorylation does not lead to a significant change in phospholamban structure or orientation. In this model the cytosolic domain of phospholamban in both its native and phosphorylated states restricts Ca 2+ conductance relative to the transmembrane domain alone. Removal of the inhibitory cytosolic domain increases Ca 2+ conductance by roughly an order of magnitude (Kovacs et al., 1988; Arkin et al., 1993) . We suggest Kovacs et al., 1988) . For comparison, the Ca 2+ conductance of PLBTM is 100 to 150 pS (Kovacs et al., 1988; Arkin et al., 1993) . (b) The cytoplasmic domain of PLBWT (unphosphorylated) interacts with the Ca 2+ ATPase (James et al., 1989; Toyofuku et al., 1994) . We propose that this interaction relieves the inhibitory effect of the cytosolic segment of PLBWT on Ca 2+ conductance, thereby short circuiting the Ca 2+ pump. (c) The complex between phospholamban and the Ca 2+ ATPase dissociates upon phospholamban phosphorylation (James et al., 1989) and may reduce ion conductance by PLBWT. regulation takes place through binding of phospholamban to the Ca 2+ ATPase, resulting in a conformational change of the cytosolic domain of phospholamban that increases ion conductance. Phosphorylation, the regulatory switch, results in complex dissociation and reduction in phospholamban conductance. Studies are underway to determine the effect of Ca 2+ ATPase and phosphorylation on phospholamban conductance.
Materials and Methods
Protein purification and reconstitution
PLBWT and PLBTM were synthesized using tert-butyl carbamate derivatives on a solid phase support, cleaved from the resin with hydrofluoric acid and lyophilized. The lyophilized peptides were dissolved in 1 ml of trifluoroacetic acid (final concentration approx. 4 mg/ml) and immediately injected onto a 5 ml POROS-R1 reverse phase high performance liquid chromatography (RP-HPLC) column (Perceptive Biosystems, Cambridge, MA) equilibrated with 95% H2O, 2% (w/v) acetonitrile and 3% (v/v) 2-propanol. Peptide elution was achieved with a linear gradient to a final solvent composition of 5% H2O, 38% acetonitrile and 57% 2-propanol. All solvents contained 0.1% (v/v) trifluoroacetic acid. Fractions containing peptides were then lyophilized and assessed for purity by amino acid analysis (correlation coefficients of >0.95) and mass spectrometry. The pure lyophilized peptides were dissolved with a solution of 20% (w/v) octyl b-glucoside (Sigma, St Louis, MO) to a final concentration of 4 mg/ml. A 500 ml solution containing 20 mg DMPC/ml (Avanti Polar Lipids, Alabaster, AL) and 10% octyl b-glucoside was added to the protein and reconstitution of the peptides into the phospholipids was achieved by exhaustive dialysis into a buffer containing 1 mM Tris-HCl (pH 7.4: Sigma, St Louis, MO). The lipid to protein ratios were 0120:1 (PLBWT) and 80:1 (PLBTM).
CD spectroscopy
CD measurements were performed on an Aviv 62DS circular dichroism spectrometer (Lakewood, NJ) at 37°C using a 1 mm path-length cuvette (Helma, Jamaica, NY). The samples were diluted fivefold resulting in a final buffer concentration of 0.2 mM Tris-HCl (pH 7.4). Peptide concentrations (8 to 18 mM) were determined with replicate samples by amino acid analysis employing prolonged hydrolysis. For the CD thermal profile, the sample (60 mM) was not diluted and the wavelength was held at 222 nm.
Infrared spectroscopy
FTIR spectra were recorded on a Nicolet Magna 550 spectrometer purged with N2 (Madison, WI) and equipped with a MCT/A detector. Interferograms (1000) recorded at a spectral resolution of 4 cm −1 were averaged for each sample. Interferograms were processed using one point zero filling and Happ-Genzel apodization, followed by automatic baseline correction. Peak integration was performed on Fourier self-deconvoluted spectra (Kauppinen et al., 1981) , using a bandwidth of 13 cm
and an enhancement factor of 2.4, determined by Byler & Susi (1986) to best fit experimental data. For transmission spectra, 50 ml of sample (protein concentration of 36 to 90 mM) was dried on AgCl windows with dry air. For polarized ATR-FTIR spectra the spectrometer was equipped with a KRS-5 wire grid polarizer (0.25 mm spacing, Graseby Specac, Kent, UK). The sample (0300 ml, 36 to 90 mM) was dried on the surface of a Ge internal reflection element (52 mm × 20 mm × 2 mm) and placed in a variable angle ATR accessory (Graseby Specac, Kent, UK).
Analysis of orientation from ATR-FTIR dichroism
The electric field amplitudes of the evanescent wave are given by Harrick (1967) :
where f is the angle of incidence between the infrared beam and the internal reflection element (45°), and n21 is the ratio between the refractive indices of the sample (n2 = 1.43) and the internal reflection element (n1 = 4.0: Wolfe & Zissis, 1978; Fringeli et al., 1989; Tamm & Tatulian, 1993) . These equations are based on the assumption that the thickness of the deposited film (>20 mm) is much larger than the penetration depth (01 mm) of the evanescent wave (see Harrick, 1967) . The electric field components together with the dichroic ratio (defined as the ratio between absorption of parallel (A>) and perpendicular (A_) polarized light, R ATR 0A>/A_) are used to calculate an order parameter defined as: z )] where u is the angle between the helix director and the normal of the internal reflection element, and a is the angle between the helix director and the transition dipole moment of the amide I vibrational mode. Values for a in the literature range from 29 to 40°(29 to 34°, Miyazawa & Blout, 1961; 40°, Bradbury et al., 1962; 39°, Tsuboi, 1962) . For the calculations in this study, we have assumed an average value of 35°. It should be noted, however, that the higher estimates of a taken from the more recent reports result in higher order parameters and subsequent lower tilt angles (see below). Order parameters of 1.0 and −0.5 correspond to helical orientations parallel and perpendicular to the membrane normal, respectively. Lipid order parameters are obtained from the lipid methylene symmetric (2852 cm −1 ) and asymmetric (2924 cm −1 ) stretching modes using the same equation by setting a = 90°.
Protein phosphorylation
Protein phosphorylation was performed as described by Voss et al. (1994) . Briefly, lyophilized peptides (see above) were resuspended in 200 ml of a solution containing 25% Thesit (Boehringer Mannheim, Indianapolis, IN) and diluted to a final reaction volume of 2 ml with a mixture of 2.5% Thesit, 50 mM Tris-HCl (pH 7.0), 2 mM MgCl2, 0.75 mM dATP (Boehringer Mannheim, Indianapolis, IN), 1 mM Tris-(2-carboxyethyl)phosphine hydrochloride (Pierce, Rockford, IL) and 2500 units of the catalytic subunit of protein kinase A (Sigma, St Louis, MO). The reaction was performed for 8 hours at 30°C. The phosphorylation mixture was then re-loaded onto the RP-HPLC column and the protein was purified as described above. Peptide contained in appropriate HPLC fractions was lyophilized and reconstituted into DMPC vesicles. Phosphorylation levels were quantified from 32 P phosphorylation of a known concentration of phospholamban (amino acid analysis) followed by trichloroacetic acid precipitation. The protein was then resuspended in standard SDS protein sample buffer. Unreacted nucleotide was removed using centrifugal filtration followed by scintillation counting to determine the amount of phosphorylated protein. Minimum phosphorylation levels assuming 100% efficiency for trichloroacetic acid precipitation, resuspension and no loss during filtration, were calculated to be 74%.
